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ABSTRACT & YEY WORD

theoretical analysis wus developed for predicting the flow properties
in the mixing region between a particle-laden, turbulent rocket exhaust'
and a surrourding air stream. It was assumed that the turbulent boundary
layer equations, modified to account for particles, were valid within the
mixing regions— In treating the chemical aspects of the problem it was
assumed that the{flow was in equilibrium in accordance with three chemi-
cal reaction equations. The chemical species comprising the flow were
limited to the follcwing% H20, }{2, 02, co, 002, N2’ HC1, A1, A120 , and

one additional inert species whicl remained as an input #&lectiom.) The
phenomenological model employed for the turbulent transport coefficients

is discussed in detail and compared with various other models.

The solution of the partial differential equations was obtained by trane-

forming the equations using the von Mises transfo::;;ESEZ)eXPressing the

transformed equations in finite-difference form, olving the resulting

equations utilizing & computer program developed for the SRU 1107,

Results from the computer program were successfully compared with experi-

mental results obtained from air-augmentation, free jet, and fuel injection

experiments., Output data from the computer program comprises velocity,

temperature, density, species concentraticn, and Mach number profiles

at various axial locations along the mixing regionmv§i\

Gas~Particle Flow Turbulent Flow
Mixing Analysis Eddy Transport Coefficients
Chemical Reactions Air Augmented Rocket

Supersonic Combustion
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NOTATION

A area, ft~

b width of mixing zone, ft.

¢ constant in eddy viscosity expression, ft.

Ci concentration of species i, lbm of i1/1tm of mixture

cp specific heat at constant pressure, B/ltm-°R

D molecular diffusion coefficient, tt2/ sec

e internal energy, B/lbm

g gravitational constant, 32.17 lbm-f.‘t,/lbf-a’.ec2

h static enthalpy, B/lbm

A hg heat of formation, B/lbm

J mechanical equivalent of heat, 778 ft-1b/B

Kp equilibrium constant

kt forward reaction rate constant, tt3/1b-mole sec

L reference length, ft.

l Prandtl's mixing lengtn parameter, ft.

Le turbulent Lewis number

2 mass flux, 1bm/rt2_-'scc

m particle density, ltm of P/ft> of

M Mach nmumber

n exponent in eddy viscosity expression

P static pressure, psafa

Pr turbulent Prandtl mumber

R, universal gas constant, 1544 ft-1b/lb-mole °R
-  BOEING % wo. D2-36251-1
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r radius, ft.
Se turbulent Schmidt number
T static temperature, °R
u axial velocity component, ft/sec
v radial velocity component, ft/sec
P'Ii net rate-of production of species i, 1bm/ft3 -sec
LA molecular weight of species i, lbm/lb-mole
x axial distance, ft,
y radial distance, ft.
g exponent for two-dimensional ( § =0) or axisymmetric
flow (5 =1)
€ oddy diffusivity, £t°/sec
g gas density, lbm of gas/ft,3 of gas
A particle density, 1lbtm of P/i"c.3 of gas
o similarity parameter
T shear stress, lb/:f'c,2
y stream function, lbm/sec
Subserirts
D mass diffusivity
8 gas
H heat diffusivity
i species
m, n grid point coordinates
P particle
\') momentum diffusivity
REV LTR BaEING | i
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1.0 INTRODUCTION
1.1 General Remarks

Analytical studies involving the turbulent mixing of multi-component gases
are required in a mmber of flow problems. Examples of such problems are
those pertaining to base heating, wakes pehind bluff bodies, loss of com-
munication due to plune attenuation, and most recently, air augmentation.
Fundamental studies of the mixing process between two moving streams have
peen conducted over the past several years with varying degrees of success.
However, it has been only recently, with the advent of high-speed computers,
that significant progress has been achieved in analytically predicting the
properties within turbulent mixing regions. An excellent monograph des-
cribing the recent theoretical developments pertaining to turbulent jet

mixing has been compiled by Abramovich (1)%*.

Recent air-augmentation studies indicate that accurate prediction of engine
performance requires & detailed study of the mixing region between a rocket
exhaust jet and 2 confined secondary air stream. Since rocket exhaust
gases, in general contain excess fuel, not only must the mixing process

be analyzed, but also chemical reactions must be taken into consideration.
The problem is further complicated by the fact that the entire flow is
confined within a duct, thus necessitating the consideration of axial
pressure gradients. Analyses of flows similar to those found in this

type of problem have recently been developed by Libby (2) and Vasiliu (3).
Libby, for example, has analyzed the unconfined mixed flow field for

supersonic combustion studies assuming equilibrium chemisiry; whereas

#Numbers in parentheses refer to references jisted in the Bibliography

U3 4288-2000 REV. 6/64
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Vesilin assumed nonequilibrium chemistry in his analysis of the mixing
between a rocket exhaust jet and a superaszic air stream. Mikhail (%),
on the other hand, has treated the mixing of coaxial incompressible streams

in a duct but did not consider chemical reactions.

1.2 Scope of Present Analysis

The analysis and associated computer program described herein were developed
specifically for the air-augmentation problem. However, it should be noted
that the computer program may be employed for other problems. The primary
objective of the analysies was to provide a method for calculating the
velocity, temperature, and composition profiles in the mixing region between
& fuel-rich rocket exhaust end an air stream confined within a duct of
specified geometry. Since the exhaust of solid propellant rockets often
contains solid and/or liquid particles, the analysis was developed for
either gas-particle systems, or systems consisting solely of gaseous species.
In treating the chemical aspects of the problem it is assumed that the flow
is in chemical equilibrium in accordance with three chemical reaction
equations; or, if desired, the flow may be treated as frozen. The total
pumber of chemical components comprising the flow is limited to a maximum

of ten speciles.

The flow model employed for the analysis 1s presented in Figure 1. At the
periphery of the rocket nozzle exit, where the air stream and rocket
exhaust first come into contact, a mixing region is assumed to begin. As
the flow moves downstresm, the mixing region widens on both sides of the
plume slipline - the inner boundary approaching the duct centerline and the

outer boundary the duct wall. At some distance downstream from the nozzle

REV LTR BOEING I NO.

D2-36251-1
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the mixing region may be considered to extend across the entire duct. Ia
establishing the coordinates of the plume slipline the method of character-
istics solution is employed (5). 1In the areas outside the mixing region,
the flow is considered to be inviscid with uniform properties in the
radial direction. Within the mixing region turbulent transport processes
are assumed to prevail with all molecular transfer considered negligible.
This assumption is justified for the problem under consideration since

the flow is generally turbulent, and the turbulent transport coefficients
are usually at least an order of magnitude greater than their molecular
counterparts. The phenomenological model employed for the turbulent trans-
port coefficients in the present study is discussed in detail and compared

with various other models.

The major assumptions employed in the development of the analysis are as

follows:

1. The flow is either axisymmetric or two-dimensional.

2. The entire flow field is turbulent.

3. The gas obeys the perfect gas law.

4. The radial pressure gradient across the mixing zone is negligible.

5. Mass transfer due to thermal and pressure gradients 1s negligible.

6. The turbulent Prandtl and Lewis numbers of the gas are constant but
may have values other than unity.

7. The particles may have a turbulent Lewis number different than that
of the gas.

8. The velocity and temperature lags between the gas and pa;ticles

are negligible.

REV LTR
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9. The volume occupied by the particles is negligible compared to tha%
of the gas.

10. The boundary layer between the mixed flow and the duct wall is
neglected. The boundary layers in the rocket exhaust and tuc air
stream at the initial point of contact, however, may be considered. i

11. The turbulent boundary layer equations are valid within the

mixing regionm.

1.3 Computer Program

The solution of the partial differential equations is obtained by first
transforming the equations using the von Mises transformation, expressing
the transformed equations in finite-difference form, and then solving the
resulting finite-difference equations utilizing a computer program

. developed for the SRU 1107. Deteils of the computer program &re presented
in Reference 6. Consideration is given to the stability and convergence

of the solution utilizing the criteria established by Wu (7).

The parameters which must be input to the program are as follows: (a) the §
initiel conditions of velocity, temperature, pressure, and species con-
centrations of the two streams, (b) axial step-size, (c) duct geometry,
(d) plume slip-line coordinates, (e) the turbulent lewis and Prandtl z
numbers, and (f) computer control information as noted in Reference 6. ‘
: The output data comprises velocity, temperature, density, species concentra-
tion, and Mach number profiles within the mixing region at various exial

locations; axial pressure distributions; and axial thrust acting on the

duct.

i

D2-36251-1 ,_
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The major limitations of the program are &s follows: (a) the calculations
are valid only in the temperature range 4SOR to 9950R, (v) the gaseous

species vhich may considered are limited to Hp0, CO, COp, Hp, 05, Np, HC1

3>

Al; in addition, provision for one additional inert specie héglbeen
incorporated in the progrem, and (¢) the particle specie which may be
considered 1s A1203.

Typical run time of the program is 10 minutes for a case involving a rocket
nozzle radius of 0.21 ft, a duct radius of 0,56 ft, axial step-size of
0.01 ft, end a total axial distance of 6.0 ft.

AEPLIR & BrEING | Mo D2-36251-1
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2.0 DERIVATION OF THE GOVERNING EQUATIONS

2.1 Fundamental Equations

2.1.1  Genmeral

The derivation of the fundamental equations contained herein parallels the
derivation of the steady-state turbulent boundary layer equations for
gaseous systems. The effects of particles are included with the assumption
that the rarticles and gas are in dynamic and thermal equilibrium, i.e., no
velocity or temperature lags. The particles, therefore, are not treated

as discrete droplets, but as chemical species which have properties corre-
sponding to their respective liquid or solid phases. In determining the
mass transfer of the particles resulting from turbulent mixing, it is
assumed that the particles do not follow the random motions of the gas, but
due to their inertia diffuse more slowly than the gas. The derivations
that follow pertain to a two-dimensional flow model and later are exranded

to include an axisymmetric flow system.

2.1.2 Global Continuity Equation

Consider a rectangular control volume located within the mixing region as
shown in Figure 2. It is assumed that variations in the z-direction are
negligible. The flow entering the elemental volume in the x-direction
consists of a gas-particle mixture with en average axial velocity u. All
the flow properties are assumed to be time-averaged values ccnsistent with
turbulent theory (8). The total mass flow entering the volume in the

axial direction is

QUAS + mpUA,

REV LTR BOEING | O D2-36251-1
I 16

U3 4288-2000 REV. 6/64




v + AeY) AY] AX AZ

p 2

| |
' a(ew)
Pu by Ax N L T [ Ax] AY A2

Tt

A% i !
P v AXAY

i
= el ¢
3
F4
"FIG. 2

Control Volume for Gas-Particle
Mixtures
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where 4;

and Ay is the flow area occupied by the gas and A, that by the particles.

and M, are the densities of the gas and particles, respectively,

Then
Ay + A, = AyAz
Assuming A,>7AP and letting A equal the weight of particles per unit
volume of gas, yields
(13 *)uldyaz = Pudyaz
for the total axial mass flow into the volume where
el e
The axial mass flow leaving the volume is given by
4 2= ) dx
pulyaz + =(pPuayasz) 4
The net change in axial mass flow is
2-(Pu) axayaz

Similarly in the y-direction the net change is

%7(,«/) DKLy AZ

Conservation of mass yields

2= (pu)

for the steady-state global continuity equation.

2.1,3 Species Continuity Equations

"The species continuity equations are derived from mass balances for each of

the chemical species. The mass balance for component "i" of the mixture

REV LTR _BOEING |
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flowing through the control volume consists of terms involving (a) the net
K, mass change due to the flow entering and leaving the volume and (b) psoduction

(or depletion) of the species as a result of chemical reactions. The net

transfer of component i in the x-direction due to the fluid motion is
- 2 (Pgu) axayaz

where Ci is the mass fraction of component i (mass per unit mass of mixture)

and Ui is its mean axial velocity., Similarly in the y-direction the net

transfer is
]
- (= C .U )dxdyaz
ay (p L - ) y
The net rate of production of component i is given by
Ww; Axaya

A mass balance for component i yields

m(rPed) + F(rPGY) = &
(2)
According to theory (9) the term pc u. may be expressed in terms of

diffusion and convective fluxes., Thus

(3)

where M7, is the diffusion flux resulting from concentration gradients
and P C &« 1s the convective flux due to the bulk mution of the fluid. A
By bulk motion is meant the average macroscopic motion of the flow in

which the axial bulk velocity u, is defined by

U3 4288-2000 REV. 6/€4

n i

u= U f

AL (1) ;
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where A~ is the total number of species comprising the mixture. For

molecular diffusion the flux /#7,, , may be expressed as

. _ 2C.
Pix = "R % 3%

(5)
where Di is the molecular diffusion coefficient for component i, For tur-

bulent diffusion it has been shown theoretically (9) that a similar exprea-
sion is valid with the molecular diffusivity replaced by its turbulent
counterpart., Thus,
. 2C;
h?c'x e 6274’ X
(6)
where &,. is the eddy mass diffusivity of component i, Similarly in the

y-direction

m. = -poe, 2
xy /a Da 9), (7)

Substitution of equations 3, 6, and 7 into equation 2 yields

. 2C, 2C,
> (reu) . drer) _ 2(rPa e, (raSs)
ox . T oy s S Ty b

Expanding the above equation and substituting the global continuity

equation ylelds

1% '>Cl. s
pud v ools Yoo o Spad)

It is generally assumed, based on an order of magnitude analysis, that the
first term on the right side of the above equation is negligible. Thus

the species contimuity equation for component i becomes

¢,
S . op 26 . 3red¥) L &
PU =+ Vo 5y >y Y Ly

. (8)

REVLTR A BOEING | N Dz=36251-1
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The net rates of production of the species are determined from a considera-
tion of the chemical aspects of the problem. A detailed discussion of the

determination of &/, is presented in Section 4 herein. %

The species continuity equation developed above is generally assumed valid
for gaseous specles, with the eddy mass diffusivities taken to be identical
for all species. However, for particles further consideration must be given
to the turbulent transport mechanism. The turbulent motions within a ges

are usually conceived es macroscopic "lumps or eddies" of fluid moving 1

randomly from one region to another. For gas-particle systems it seems
unlikely that the particles, due to thelr inertia, are capable of following
the random fluctuations of the gas. Consequently, the net transfer of part-
jcles from one region to another is likely to be considerably less than that
} of the gas. This difference in the turbulent transport of gas and particles
may, in theory, be accomplished by employing different values for the eddy
mass diffusivities of the two components. Thus, in the present analysis two
values of the eddy mass diffusivity are employed - one for the gacs and the

other ror the particles. A detailed discussion of the rumerical values to

be employed for the eddy mass diffusivities is presented in Section 3 herein.

2.1.4 Momentum Equations

The axial momentum equation is derived by equating the net change in axial

momentum of the fluid flowing through the control volume to the net axial

ﬁ forces acting on the control boundaries. Thus

- Wrd) | alew’) _ 2P | 27 ()
1 ox 2y N X oy

BOEING | VO D2-36251-1
l SH., 21 ﬂ
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where 7;, is the shear stress which, for turbulent flow, may be expressed

in terms of the velocity gradient and the eddy momentum diffusivity. Thus 4
- i
- X% :
7;)' = -4 .a—y ]

Expanding equation 9 and substituting equation 1 yields

R e s ™

Employing the usual boundary layer approximations and an order of magnitude

analysis, the y-direction momentum equation reduces to *

| oy ;
2.1.5 Energy Equation

The energy equation is derived following the methods of Schlichting (10)

Lha e

and Vasiliu (3). For an observer moving with the flow the First Law of

Thermodynamics may be stated as follows:

b

work done by the system

- rate of increase - rate of heat added] boundaries on the z
of internal energy to the system surroundings

The net change in internal energy of the gas-particle fluid flowing through

the control volume may be expressed as

df = (Pu2l + ov 22 ) axayaz (11)
or
pe
dt = P~ Dr ax4y4Lz (12)
] . D2-36251-1
f‘ REV LTR _BOEING |
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vhere

D .

2 .
D Yom = Y (13)

g

i{s the substantial derivative for steady-state and e is the internal energy.

From the definition of enthalpy, h=e+ %5, the substantive derivative of

the internal energy may be written as

pe _ oh _ 0 (5P)
pe ~ Dt ot (14)

vhere the enthalpy of the mixture is given by

h h (j-r J ;-," ) (15)
h= >Ch; = C (¢ dT + ah,

The heat of formation Ah;‘- , is evaluated at the reference temperature,

0°R. The substantive derivative of enthalpy 1s

n

Lh L2hy A% :

Dot °Z<C*' ot T ¢ Dt‘) (16)
A=t

Substitution o equations 14 and 16 into 12 yilelds

n
dE = [,o (¢ Dhi 4 p 2 - o -’l(%ﬂ AxAyAz

(1% Dt Dt Dt
A=)
or
<, dh 2% |
= ¢ dhi oT DL - o L7P| sxavaz
dE ’om(‘ e rhoE) 5 |4
But
dh: _
ar = Ceg
and b

ZCA CP,«' = G
=l

Thus, the net change of the gas-particle internal energy becomes

e L e - S
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e? 1
AE:[/" P Dt PZM b - ,ogt(/ :\AxAyAz (a7)

The heat transferred or added to the control volume is assumed tc te that
resulting from the following processes: (2) conduction and diffusiou, (v)
frictional heating, and (c) chemical reactions. The net heat transfer in

the y-direction due to conduction and diffusion may Le expressed as

n
- 2 2T :
dQ}, = 2y [(,oc,,fu —3—7) = sza c‘-hgl axayaz
Azl

wvhere e; is the eddy diffusivity for heat and v; is the y-direction

diffusion velocity of component 1 defined by

&, 9Ci
vy = — =B -
A c" ay

Thus the net heat transfer term becomes

n
ol
4o, [-27 (pesea3T)+ 35 ) Penihs 77] ax ayaz
Al

Expending the second term in the avove equation and substituting the species

continnity equation yields

dQy = [—g—;{/oc,,éﬂ %;1) " Z(p.g_%:' - ) b

2¢; o7
Z/ocfpa P2y By:l SHAE, (18)

The frictional heating term is assumed identical to that generally enployed

in boundary layer analyses. Thus

d@s = PE, (—a—‘i) Axaysz

D2-36251-1
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or by including the

The heat release due to chemical reaction is accounted T
heat of formetion in the enthalpy

of the mixture is

h

h = 2 C. Ufc,‘.dr ’ Ah}% (20)

A3

The net rate of work done by the control volume surface forces on the

surroundings is shown by Schlichting to be given by

(33

18, 19 and 21 the energy equation becomes

(21)

Employing equations 17,
r a AT (Fle) _ (24 , 20
per 8 = b (rredy) 2 BT - P (503

[ [
2
dU . 2C; °T
H P (’37) - Zwﬂv & 2/06,,‘. Cei 5y =y
VLY Pl

The second term on the right side of the above equation may be simplified

utilizing the global continuity equation. Thus

P,
pgf_/e;):_'z__ﬁ_ofz_0_f+,,(y+zr)
Dt ot r 0Ot ot 2 Y4
Thus the energy equations becomes
27 2 -_9.,( _a_r) 2P
,OCP(U oy + VvV 2)') = )}’ /OCPG;/ % e Uﬁ-
n

term for each component. Thus the eathalpy

a 2 : .
cpe () 4 Vet 55 ) 7 )N
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2.1.6 Equation of State

volume occupied by the particles 1is regligible.

particles.

vuere mp, and

The total volume of the mixture is given by

£i£+_&:_=_’_
mp “s ©

the exrression for the total volume becomes

The equation of stute for the gaseous phase is

PRRT

The equation of state for the gas-particle mixture is developed based cn
the assumptions that (a) the gas obeys the perfect gas law and (b) the
Consider a unit mass of

mixture comprising a mass (;, , Of gaseous products, and a mass C;’ of

4 are the densities of the particles and gas, respectively.

Assuming that the partial volume occupied by the particles is negligible

(23)

(2k)

where Rg is the gas constant for the gaseous components, which may be

expressed in terms of the universal gas constant and the gas molecular weight.

Thus
R,
Rg = 'E; (25)
3
where
n -1
Wy = [ Z C/w; ] ic, (26)
iyl A=l
2-36251-1
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s 2t

4 . L Lk e s
- T ST A AT

The summat

L
pumber of gaseous components.

from equations 23 - 26, Thus

jon is performed only for the gaseou

s species - /Ny being the total

The total density of the mixture is obtained

h -1
P
pe ] ] (@

Alternate Forms of the Fu

ndemental Equations

2.1.7

dimensionliess

PF

vhere £ and Cp
mixture, respectively.

equations,

Global Continuity:

The governing equations may be
ratios involving the eddy diffus

turbulent lewis and Prandtl nunber

Le;

are the density
Employing these dimensionless

in exisymmetric coordinetes,

expressed in alternate forms employing

By definition the

ivities.
s arc
- 604'
s &5 . (28)
= £v " (29)
€y

and specific heat of the gas-particle

punbers the fundemental

become

1 'S .
2 (pur?) 2 (Pvrl) - (30)
:_:' 22X or "
; Species Contimuity:
2C 26, ! 2 (r‘,o( Le, DCJ) ; :
3 U — 4 = .
‘5 rusy T e F3 2r T “i (31)
Momentum Equation:
2u 2u _ _2F ;3 (pe r 24
pu o v s B ey lrert 3 (22)
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Energy Equation:
2T 27y . - Ld e [ 24 /
C, (U 5% +,ov7) = u3p r 6 (3) + 1
h

2
n
27 oC, .
* B Z(C"" te; 37 5%)- Yl )
Fquation of State: = Y

P = /FUPT [29/;;5 ] (34)

The exponent for the terms ¢, makes the equations applicable for either
two-dimensional (§=0) or axisymmetric flow (S=1). A system of (4 + n )
similtaneous equations are therefore availsble for determining the unknown
parameters «, v, 7, P, C;,«;,and &, . Thus, & solution may be obtained
if appropriate expressions for the parameters «; eand € are available
in terms of the remaining unknown parameters. Such expressions will be
developed later herein; however, for the present these parameters will

be retained in their present form with the assumption that suitable

expressions are available.

2.2 Transformation of the Fundamental Equations

In obtaining a solution it is convenient to trensform the above equations
utilizing the von Mises transformation. Instead of the nxisymmetric
coordinates x and r (or the cartesian coordinates x and y) the stream
function ¢ , is introduced as one of the independent variables replecing
the r-coordinate. The x-coordinate is not affected by the transformation.

By definition the stream function is

2F

(3)

(21’) pur’ (35)
) 4

-pvt (36)

'-
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which when substituted into the global continuity equation (equation 30)

ylelds

Thus, the continuity equation is satisfied jdentically sibce

v _ 2w I
W 2r X .,

formation of the remaining equations is accomplished by noting,

The trans

from the chain rule of the calzulus, that

(%é)x - %_g)x ( )x
puré( )x ,
" (%),: G, 3%), + (%),

] = Fs bf) bf)
4 =~ —~OovV iy (__' + —
; o /x ox v

G R

Y

S

where f represents any of the dependent varistles. Hence, the transformed

equations become

Species Continuity:

2¢ . L(fyze: oru /—"ch) p Lk
2 X 29\ Pr 2y ouU (37)

Momentum Equation:

du . _ 1+ dP d (e, Aurf 2y
: 2x ouvax ag/( g 3#’)
(38)
' 2-36251-1
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Energy Equation:

o7 . L dP , &pur 94/)2 o L2 (o, arlar’l o7
o2x ~ PCpdY Gy 2y c,, 2y A oy

, L2ur’s 21 Z( T 3¢
C,P/— il 5% 2w

1

(39)

In order to obtain the solution in the physical plane (x, r), it is
necessary to transform the ¢ -coordinate to the r-coordinate. From the
definition of the streeam function, equation 35, the r-value corresponding

to any ¢/ -value is given by

I/d'fl
; d
("aﬂ + (S+1) ) ;g ) (40)

wkere r is the r-value corresponding to the reference streeamline, ¢/ = O.

Shown in Figure 3 is the orientation of the x-r coordinate system and the

location of streemlines for a typical problem.

2.3 Development of the Finite-Difference Equations

The finite difference technique of solving differential equations consists
of replacing the partial derivatives by finite difference ratios, which is
equivalent to physically replacing the continuous flow field by a network
(f finite elements. Consider the flow field illustrated in Figure 4 and
assume it to be divided into a number of elements having grid sizes of 44X
end 4¢ . If, in addition, it is assumed that values of all the flow
properties arc known along the vertical line designated m, referred to as
"front m", it is thea possible to calculate the flow properties at front

m + 1 in the following manner.
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for the grid point denoted(m + 1, n)a Taylor series expansion of the

function f in terms of x-derivatives yields

| - ax (£ ax[2 s o=
nvin = f'"'" i (?X)m,n ? 2.’(2)(1 m,h

vhere f may be taken to be any dependent verieble, e.g., u, t, e, etc.
If A7 .s taken sufficiently small the terms of higher order than unity

may be neglected. thus the x-derivative becomes:

(2f7 - ﬁQrQn - f;uh
Zx’h%h 4ax

The above equation is termed the forward-éifference approximation for the
x-derivative. In a similar manner backward - difference end average -
difference approximations may be derived (7). The resulting backward-

and average-difference approximations are, respectively

Following the analysis of Wu (7) the forward-difference approximations

are used herein for the x-derivatives, and the average-difference approxi-
mation for the (/-derivatives. The selection of these approximations is
based on physical and stability considerations as discussed by Wu. In

the present analysis, the following approximations are employed for the

e e e e e il ] S s s
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derivatives

XImn aX
2 - Fonre ~ Tomot (42)
¥ Iy n 2 A4y

The second derivative with respect to ¢ is given by the finite-difference
approximation

2 Fmmn = 2hun * Fn
2F 1, At n 7t f,n/ (43)

2yt A‘l/l

The product terms appearing in the differential equations are approximated

by
2F 29 _ (7"”',"*/ = Fmn=r) + (Tmner Frm, n-1) (1)
Substituting the above expressions for the derivatives appearing in
equations 37-39 and rearranging terms, ylelds
Species Continuity:
B - . _A.K_ ZQ (74 -
Clnﬁ,h C"m,n * AW‘ (P ,- ) (C”””I 2 C.m,h i C"-m,n—/) (l&5)
ax le«t~. _ . 14 ad),
yapt Pr Camnts c""’:"") [(péd'.h{(’oak )‘_”H—(,aur )’":"'3

ELX ‘.
7 (/Oll" )h',hg(/oé )m het (,o )m n- 3] + /ou:; AX)M B

Momentum Equation:

= - [4X d P X aé, =
uh"l,h unm —;5),"‘"&;)'" + A(ﬂ (/0 Hf éy)”,'n(aln,ﬂr[ ZUM’A"' ‘/m‘"_l)

+ 1—/—‘;1—2—1[(/0611)'"‘&,0“,-2’&‘” - (our™) g (46)

,ou/- Z{/oe""nﬂ {/o's’m,n-g] (afh,nr/ - uiﬂ.h—l)
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Energy Equation:

2
- 4% dp (Unsppes = Umn-:) €
Topi,n® T * ( "JPCp Ik )In,n ’ 4’4U'17’ (,ouk n[ T (Cplpn % V)n Al T

4

+ 4(,06.,)”’”(7:.,1 ner T 47;;,;1 > 7;,”,_,) +{(/a€v),,,l,",' (/ofy),.,,,,.z(l;, heoo 7;5»:)]

Ce /Mn

ﬁ’ur v c - - _ax Z . b.
r‘/w}’r( ),,,Z "m:m mn )(7;""' ""'l) (/guc’)‘m (“ﬁ ;34);,,»

As can be seen, the above equations form a set of aigebraic expressions in

f_%x?/.’—l‘(pev‘ [(/Ot/" CP>mhrl l/our”P) yr i, e 7-‘",""‘)] (h'?)

which the dependent variable at the m + 1 front is expressed explicitly
in terms of the known properties at front m. The calculation of the flow
properties throughout the grid network may then be carried out by
successively applying the equations to each front. However, it is first

necessary that the boundary conditions be specified.

2.4 Initial and Boundary Conditions

In starting the calculations for a specific problem, it is necessary that
the properties along the initial front Le known at each grid point -

these properties are termed the initial conditions. The properties may

be constant or variable dependent on the problem under consideration. For
exemple, it may be dGesired to assume constant pronerties for the rocket
exhaust jet except in the immediate neighborhood of the nozzle wall where
the jet boundery layer exists. Similarly, the flow properties in the
outer stream along the initial front may be variable corresponding to
those existing within a boundary layer. In other problems, it may be
desired to start the calculations at a point downstream where the mixing
region has partially developed and the caiculations continued for further 3

development of the mixinz region. For any of these situatioms, it is &

required that the properties be known at each grid point along the initial

L front before the calculations can begin.
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Once the ‘nitial conditions are specified the flow properties at each grid
point along the second front may be calculated except at the grid points
corresponding to ¢ =0 and ¢ = ¥ pax+ These streamlines are the
boundaries of the grid network within which the mixing region lies. Iin
order to obtain a complete solution for a given flow problenm, it is
necessary that the flow properties along the boundaries be known. These
properties are termed boundary conditions. It is the usuel practice in
free jet problems to assume the flow to be inviscid in the areas outside
the mixing region. The boundary conditione for such problems are therefore

specified accordingly.

For problems in which the secondary flow is contained within a duct,
however, three regimes of flow may be encountered each dictating different
boundary conditions. For example, consider the flow field shown in

Figure S5, illustrating the different flow regimes. The first regime
begins at the exit plane of the nozzle and ends at the point where the
inner edge of the mixing zone reaches the Jet centerline. The boundary

conditions for this regime may be taken to correspond to those for

jnviscid flow. The flow field, therefore, resembles that of Iree Jet

Problems.

In the second regime, the mixing region widens uatil at some point the

outer edge of the mixing zone reaches the duct wall, whereupon the third
regime commences. The technique for determining the outer boundary condi-
tion in the second regime is identical to that in the first, i.e., the

E. secondary flow outside the mixing region is assumed to be inviscid. The

E inner boundary conditions for the second and third flow regimes may be

determined from the thysical characteristics of the flow. Along the Jet
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centerline, the fldw properties change as & result of the mixing process.

However, from symmetry it may be concluded that on the centerline, the

radial gradients of all properties mst be zero. This condition may

therefore be employed as the inner boundary condition for the second

regime.

In the third regime, the inviscid outer boundary assumption is no longer

valid since the mixing xegion extends across the entire duct. However,

the outer boundary condition for this regime may be established by

assuming that the heat transfer and shear stress at the duct wall are

negligible. Thus, from the rate equations for shear stress and heat transfer

i1t is seen that

U
i} = 0
(?W)wm:

2T
P I =0
(3

In addition, since mass cannot be transferre

(%), =
Y /waui

Thus, the inrer and outer boundary conditions for

d scross the duct wall, we have

the third regime are

jdentical. Summarizing, the boundary condivions for the first flow regime

may be expressed in the following form:

w; AX
o = + (5 ).. -
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2 AX3) (dP
“mui = Hm T /ﬂu )m(Zﬁ?)m (49)
dPY /! Z
- ax_ P) AX _Seih
Toes 7”7 TrPCe dX Im (/‘WCP g /)'" (50)

The above equations are applicable for determining both the inner and
outer boundary conditions. In the second regime, the boundary conditions
for the inviscid region are as above; whereas, the ilnner boundery con-

ditions are given by

(%—z"-)ww: (% );V=0= (%—;-’_)4&/:0 =0 L

For the third regime, the boundary conditions are expressed in the form

(\
UiV
®UH
~—
i
’\
V|V
<O
N—r
<
tl
o

=0 ¥max
(52)
(Bu - (Bu )
= Z -— =0
?w)(l”'o e ¥ = Ymay
/BT = (2_1_) =0
oy =0 ow = ¥max

It should be noted that in the above discussion it was assumed that the

inner edge of the mixing zone reached the duct centerline before the outer

D2-36251-1
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edge reached the duct wall. In certain situations, however, these conditions
may be reversed, the outer edge reaching the duct wall prior to the inrer

edge reaching the centerline, in which case the aforementioned boundary

conditions are altered accordingly.
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3.0 TURBULENT TRANSPORT COEFFICIENTS
3.1 General

In order to obtain a solution of the finite-difference equations, it is
necessary that expressions for the eddy diffusivities be established in
terms of known quantities. Unfortunately the eddy diffusivities are not
fluid properties, as are their molecular counterparts, but parameters
dependent upon the £1uid motion, e.g., level of turbulence, velocity

@; gradient, density gradient, etc. Since turbulent flow is characterized

' by random fluctuations, the derivation of accurate theoretical expressions
for the eddy diffusivities requires a statistical analysis such as that
initiated by Taylor (11). However, the statistical approach at the present
time has not proven practical (12). Consequently, one must rely on the

semi-empirical approach for determining expressions relating the eddy

diffusivities to the flow properties.

3.2 TIncompressible Theory

Most of the semi-empirical theories to date are extensions or modifications
é of Prandtl's mixing length concept. From Prandtl's initial hypothesis, it
. was found that the shear stress for incompressible turbulent flow can be

determined from
' - opif2u
| 7= Pk (2},) (53)

! where £ is Prandtl's mixing length parsmeter, assumed to be independent

of the y-coordinate (1, lO). Broussinesq had earlier postulated theat,

in analogy with the shear stress 1aw for laminar flow, the shear stress for

D2-36251-1
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w

turbulent flow could be expressed in the form:
22U
T = ~E, -b_); (54)

vhere ¢, is the eddy diffusivity of momentum, often referred to as
eddy viscosity, being analogous to molecular kinematic viscnsity. From

equations 53 and 54 it is found that

€ = 4 332 (55)

In an attempt to obtain more realistic values of €, when 9« approaches
L4 Y

zero, Prandtl modified the above expression; however, the resulting expression

is difficult to use.

A simpler expression for €, was subsequently develope¢ by Prandtl based
on the experimental data of Reichardt. Assuming that €, was constant
across the mixing zone, i.e., independent of the y-coordinate, Prandtl

postulated that for free Jets

€y= k b (U}ﬂqx - uhﬂh) (56)

where k is an empirical constant, b is the width of the mixing region, and

(Upax-Unin) 1s the difference between the maximum and minimum velocities

in the mixing region. Furthermore, it was found that
L= cx

so that Eqn. 56 becomes

U3 4288-2000 REV. 6/64
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€ = KX (Uimax= Umin) (57)

where the product ke, is replaced by another proportionately constant K.
From Reichardt's experiments of incompressible free Jets (Upin = 0), it
vas determined that the width of the mixing zone varied according toc the

relationship

b= 0.098 X (58)

The resulting expression for <, which best correlated the data was

€, = 0.00/37 X Upay (59)

An extension of the above expression is often employed for the case of two

moving streams, thus

€V = 0.00137 X (uhmx - um:'n) (60)

An alternate form of Equation 57 is frequently used in correlating experi-

ment and theory in terms of the similarity varameter, thus

¢, + U

6 - nax 2 b n X (61)
v y a

where o the similarity parameter, is a constant to be determined from

experimental datea. Fhysically, U is a parameter related to the

spreading rate of the mixing region - larger values of T corresponding

e b o i s
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to smaller spreading rates. From the data of Reichardt, empiloyed in

obtaining Equation 60, the corresponding value of O was determired to be

13.5.

Sti1l another expression for €, is that given by Pal (12), which in its

most general form is

&= &(c+ m) (62)

vhere ¢, is referred to as Reichardt's coefficient, C is a constant which
accouwts for a virtual origin of the mixing region, L is a reference length,
and n is a number having & value between O and 1 depending on the degree of
mixing. The constant C may be assumed to account for the bound-ry layers
that build up in the two streams prior to the point of initial contact

(x = 0) which produce, in effect, & mixing region of finite width at x = 0.
For the case where © = O and n = 1, as generally is assumed, Equation 62

becomes
€ = € XL (63)

Equating Equations 61 and 63 and solving for €, yields

L ( Upmay * Umin) (64)

Ey =
° ya*

From extensive data of free jets exhausting into a quiescient atmosphere,
the value of o for jet Mach numbers less than unity bhas been relatively

well established as being T = 12. For cases where the receiving medium is
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also moving the value of o is found to depend on the velocity and density

ratio between the two strezams as discussed below.

3.3 Compressible Theory

In the development of the ¢, expressions for incompressible flow it was
assumed that €, was constant across the mixing zone, an assumption which has
been substantiated by extensive experimental Jata. However, for compressible
flow involving large temperature and velocity differences between the two
streams, it has bLeen postulated that &, is dependent not only on the x-
coordinate, but the y-coordinate as well (13). Sevearal mathematical models
for the compressible eddy viscosity have bcen proposed by various investi-
gators (14, 15, 16), which for the most part are more complicated and con-
sequently more difficult to use than the incompressible models. 1In addition,
since only limited experimental data are available, none of the proposed
compressible models has been satisfactorily verified. Consequently it has
been the general practice to employ the incompressitle model for &,

and adjust the empirical constants to account for the effects of compressi-

bility.

The most frequently used parameter in correlating experiment and theory is
the similarity perameter O , defined in Equation 61. Experimentally
determined values of 0 for free jets exhausting into a quiescent atmosphere
have been obtained for jet Mach numbers ranging up to approximntely 3.0 (15).
Figure 6 illustrates the variation of O with jet Mach number for a jJet
exhausting into still air. The solid line faired through the experimental
data was originally presented in Reference 15. The dashed line illustrates
the theoretical variation of ¢ with Mach number as given by Korst (17). The

majority of the experimental data were obtained with air jets having
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temperatures approximately equal to that of the ambient air.

One exception is the data of Anderson and Johns, which were obtained with a
solid propellant rocket exhausting jnto still air. For Mach numbers less
than unity, the velue of O has been relatively well established as being

o = 12.0. For Mach numbers greater than unity, the data jl1lustrate that T

increases cous iderably.

For the turbulent mixing between two compressible coaxial streams, analytical
attempts (18) have resulted in relating the two-stresm J -value and the
velocity ratio between the two streams. The equivalent single stream value

is obtained from Korst's empircal relationship

a = 12+ 2758 Mg (65)

where M1, is an equivalent single stream Mach number related to the Jet
gtream Crocco number as showvn in Fig. T. Also chown in Fig. 7 is the ratio
of the aforementioned T .values as a function of the velocity ratio between
the two streams; indicating that the two strga.m o -value increases with
{ncreasing velocity ratio. This trend has also been established from 2xperi-

mental data (12).

Since experimental data for predicting two Stream O -values are 1imited,

the above technique for evaluating has been adopted herein with the
exception that the equivalent single stream J7p value is obtained from

Fig. 6 corresponding to the equivalent single stream Mach number. The
corresponding value of Reichard's coefficient ic then determined from Equation

6h.
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It should be noted that in utilizing any of the above €, expressions,
difficulties may arise resulting from the method employed in correlating
experiment and theory. The accepted method of establishing the validity of
a particular model is to employ a specific theoretical analysis and several
trial values of the empirical constant in the €, expression, until agreement
is obtained between the measured and calculated velocity, temperature, and
concentration profiles. Unfortunately, the resulting €, expressions

reflect any peculiarities of the particular theoretical analysis used in

tlie eorrelaticn, end consequently should be used with resarvation for other

analyses.

3.4 Turbulent Lewis and Prandtl Numbers

The turbulent Lewis and Prandtl numbers are the turbulent counterparts of the

corresponding numbers based on molecular properties. By definition

le, = 22 - (66)
Pr = €y (67)
6”

Another dimensionless ratio frequently employed is the Schmidt number defined

by

Se. = X - Er (68)

where the subscript i infers that the various species may have different
eddy mass diffusivities.. 1In early mixing analyses it was often assumed,

in analogy with the molecular ratios, that Pr = Sc = Le = 1; an assumption

Boen i pa b e

i e
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which simplifies the governing equations considerably. However, recent
experimental date indicate that these parameters may differ markedly from
unity (14, 19). For example, from the experimental results of Forstall and

Shepiro (19), it was found that the turbulens Pr and Sc numbers were equal

end constant throughout the mixing region, with a value of approximately
0.7. From the experimental results of Zakkay, et al, (14) it was concluded
that the turbulent Schmidt and Lewis numbers ranged from 0.3 to 2.3 and 0.k

to 1.0, respectively.

In the present analysis, values of the turublent Prandtl and Lewie numbers

may be employed other than unity, however they remain as constants independent
of the x-y coordinates. For gaseous components the values of Pr and Sc

most frequently cited in the 1iterature vary between 0.5 end 1.2. It was
shown in Ref. 20 that variations of Sc have negligible effects on the radial
profiles, so that any velue within the above range may be used with reasonable

accuracy.

The Lewis and Prandtl numbers for the solid and/br 1liquid particles in gas-

particle mixtures are at the present time unknown. The experimental data

of longwell and Weiss (21), however, indicate that the ratio of gas %o

1liquid eddy mass diffusivities is approximately 2. 1In their studies liquid
diesel fuel was injected into a turbulent air stream and concentrations
measured at various axial locations. The results were compared to similar
date obtained with nephtha as the injected fuel. As noted by the authors

the nephtha evaporated readily and was assumed to be mainly in the geseous
phase. The results showed that the ratio of the gas to liquid €, varied
from epproximately 1.2 to 2.0 for gas stream velocities ranging from 200 to

500 fps, respectively.
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! In view of the lack of experimental data it is difficult to ascertain values
L thac should be employed for the turbulent Lewis and Prandtl numbers in order
to accurately predict flow profiles. However, until relisble experimentel
data are available, the values cited above may be employed with results
within the accuracy required in most engineering problems.
i
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4,0 CHEMICAL MODEL

b 4,1 General
In considering ihe chemical aspects of problems involving the mixing between ;

reactive components, two choices of chemical behavior are availeble; namely,

e

equilibrium or nonequilibrium chemistry. Because of the high velocities

g i iy

encountered in rocket expaust Jets, it appeers that in such problems non-
equilibrium chemistry would prevail throughout most of the flow field. The
most accurate analysis should, therefore, be based on nonequilibrium flow
ineluding the complicated chemical equations describing the reaction

mechanism. However, in view of the complexity of such an analysis and the re-

sulting lengthy calculations, it is advantageous to use equilibrium chemistry @

vwhenever that choice leads to accurate results. ;

In the discussion that follows the equations for both equilibrium and non-
equilibrium chemistry are developed for the hydrogen-oxygen system and the
results compared. From the couparison of temperature profiles, it was ascer- ‘é
tained that the assumption of equilibrium chemistry was valid for hydrogen-
oxygen systems. This assumption was therefore employes for such systems

E and extended to other systems as discussed below.

4,2 Nonequilibrium Chemistry

For nonequilibrium chemistry the net rate of production of the species wy, is
determined using the methods of theoretical reaction kinetics. For example, .
consider the chemical reaction between hydrogen and oxygen forming water

vapor. It is well kiown that the reaction mechanism between these molecules

actually consists of several chain-type reactions including the following:

BaEsne: | o D36251-1
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B + OH == H0 +H
H+ O OH + O
Hy + 0 OH + H
H+H+M =, + M

H+ OH+ M= H0+M

O+0+M= 0o +M

wvhere M is a third body usually taken to represent all the molecules in the

mixture.

In order to determine the net rates of production of the various specles
entering the above reactions, it is necessary to apply the reaction kinetics
equations to each of the reaction equations. In order to simplify the present
analysis, however, it 1s assumed that the above complex chain reactions for

the Hy-Op systea may be replaced by the following one-step reaction equation

2H, + 0, == 2H,0 (71)

vwhere ke is an "overall" reaction rate constant.

Following Penner (22) it can be shown that the net rate of production of HxO,

in accordance with reaction equation 71, may be expressed as

' e, (W (12

! !
where ke is the forward reaction rate constant, Kp is the equilibrium constant,

and W is the molecular weight. The subscripts 1, 2, 3 correspond to the
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species H20, H2 and 02, respectively.

From further application of the reaction rate equations it may be shown that

the net rate of production of Hy is related to that of H-O. Thus

Wy, = —« — (73)
From conservation of mass the net rate of production of up heconmes
oy = - (4, -r*dzz) (74)

The expression for the reaction rate constant kr is assumed to be of the form

,@F = BTyexP(-)FET:_) (75)

where b is the frequency factor, E is the activation energy, and ¢ is a

constant.

Equations (72) through (74) may be employed in solving the finite difference
- energy end specles conservation equatioas provided the empirical constacts

in equation (75) may be established. The primary difficulty in all non-
equilibrium problems is that of establishing the reaction mechanism and
associated expressions for the reaction rate constants. For the H2-02
system the complex chain réaction equations and rate constants are relatively
well established. It is possible therefore, to establish an expression for
an "overall" reaction rate constant in the following manner. Utilizing the

chain reactions and the associated reaction rate constants, the temperature

distribution throughout a stream tube may be calculated for a range of initiel

e e e e
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conditions of the flow parameters employing the one-dimensional analysis of
Ref. 23. Then, using the same analytical technique and the one-step chemi-

cal reaction a value of the overall reaction rate constant may be deter-

mined which best reproduces the previously determined temperature distribution.

The above technique was employed for a range of initial conditions correspond-
ing to those anticipated for the problem being considered herein. Typical
results are shown in Fig. 8 wherein are presented the calculated temperature
distributions resulting from the use of chain reactions (the solid line)

and the one-step reaction using various expressions for the overall reaction
rate constant (the broken lines). The reaction equations employed in calcu~
lating the solid line were those presented in equation 70 herein. The value
of the overall reaction rate constant was varied by altering the frequency
factor; the activation energy, obtained from Ref. 3, was assumed constant

at 1.6 x 10h cal/gm-mole. The average value of the frequency factor which

best correlated the results obtained from the complex reactions was

B = 1017. Thus, the expression employed for the overall reaction rate

constant for the HQO2 reaction was determined to be

T Al —1.45 /0"
5¢ = /0 T =~ exr (-——;:—— (76)

The Wy terms appearing in the finite difference equations are then determined

from equations 72-74.

L.,3 Equilibrium Chemistry

Employing the assumption of equilibrium chemistry the net rate of production

Baeng | o D2-36251-1
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of each species may be determined from the equation

- ~u (¢ -C;) (17)

x_E'

where Ek and Cy are the concentrations of species K irmediately before and
after the chemical reaction, respectively. The problem, therefore, reduces
to that of calculating the equilibrium composition Ck , for initial concen-
trations Ck at a given pressure. In the discussion that follows the equili-
brium equations are developed not only for the hydrogen-oxygeﬁ system, but
in addition, for systems comprising the following species: HpO, Hp, Op, COo,
co, Np, HCl, A, and A1203. The chemical reaction equations are assumed to

be as follows:

2Hp + 02 == 2Hx0 (78)
200 + 0y === 2C0p | (79)
r A + 3/2 0p = Al04 (80)

Consider now the elemental control volume shown in Fig. 2. As the fluid
4 treverses the distance 4x, the concentrations change as a result of the

mixing process. If it is assumed that the fluid entering the volume 1is in

chemical equilibrium, then at x + AX the fluid is not in equilibrium. Since
the assumption of equilibrium flow implies that the reactions occur at an
infinite rate, the composition at X + AX may be determined as follows.

From an atom balance the following relations may be obtained which are

valid for both reactants and products:

E"I:E+E-’—‘f* (81)
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mass fractions, are

CO, Ny, HCl, any inert component, Al, A1203, respectively.

The equilibrium constants for the reaction

E; = a’ + Eli%% + f;-%% + é;i!%; + j? %%% Eio (82)
'c':'.'»«- E;—V%'_’ = @, # E_;%'_ (83)
¢, = C¢ (84)
& = G (85)
€, Cu (86)
&= T v R, (81)

where 3& is a pseudo-mass fraction defined by the above equations and

the subscript 1 = 1, 2, - - -, 10 refers to the species Hp0, Hp, Op, COo,

Equations 81-87

are also valid for the products - the ©f on the right side replaced by Cq.

equations 78-80, expressed in

2
9 W; C, W, )
A (£
T PN, \ WG, (85)
I(z = Wy ( Gy “éf)z (89)
P
Cs P\ Wy Cp
2 Yz -7
3 _ (W W, - (90)
2 el afom
P Cq C.3 ( M)
. D2-36251-1
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where the fugacity of Alp03 is assumed to te unity (24), and Wy is the
average molecular weight of the gas mixture. Values of the equilibrium

constants are obtained from tables of Kp at various temperatures (25).

Equations 81-90 are seen to form a system cf ten equations for the ten
unknown concentrations cy. The solution for the concentrations comprises
an iteration technique discussed in Ref. 6. The net rate of productinn

terms are then calculated from Equation T7.

L4 Comparison of Equilibrium and Nonequilibrium Chemistry

In order to illustrate the difference between equilibrium and nonequilibrium
chemistry, solutions were obtained for a typical problem employing both
chemical models for the hydrogen-oxygen system. Shown in Fig. 9 is the
temperature profile throughout the mixed flow field at an axjal distance

of four feet downstream from the exhaust nozzle of & LOQ/LHQ rocket motor.
The conditions of the rocket exhaust and secondary air stream at the exit
plane of the nozzle are noted in the figure. As can be seen, the difference 1
between the two cases is not great, thus demonstrating that the selection
of equilibrium chemistry provides sufficiently accurate results for the
given conditions. As a point of interest, it 1s worthvhile to note that

the machine computation times for equilibrium and nonequilibrium flow were
‘% approximately 2 and 110 minutes, respectively. In view of the long computa-
tion times required for nonequilibrium flow, and since the assumption of
equilibrium flow yields reasonably accurate results, the latter chemical

model was assumed for the probtlem under study herein.
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5,0 COMPUIER PROGRAM

5.1 Capability

Although the computer progiram described herein was developed specifically
for the air-augmentation problem it may, however, be employed for other re-
lated problems, For example, the program may be utilized in calculating
the mixing region for free jet problems, where the ambient atmosphere is
either mving or at rest, In addition, calculations may be performed for
problems involving the mixing and combustion of fuel injected into an air
stream, with application to ramjet combustor studies, Froblems involving
chemically reactive species may be solved employing either equilibrium or
frozen chemistry., It is noted that the program is 1limited to the calcu-

lation of turbulent flow fields - laminar flow problems being excluded.

In the following sections will be described the input options available to
the user, the important features of the program, and the procedure to be
followed in establishing the input data for typical problems. For con-
venience in the discussion that follows a 1ist of the pertinent computer

progran notation is presented in Appendix 7.1.

5,2 Pressure or Duct Profile Option

In air-augmentation problems it is generally desirable to spocify the duct
gecmetry; whereas, in free jet problems it is more convenient to specify
the pressure distribution. In the computer program the option is available

to specify either the duct profile in the form rp = f(x), or the pressure
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distribution in the form p = g(x). The program control for this option is
termed INDUCT - having values of O or 1 for pressure distribution ox duct
geometry input, respectively, The input of p = g(x), or = f(x), is in
the forr of a table. The x-values are termed XTAB and the p- or rp- values
termed PTAB in program notation. It should be noted that, from the view-
point of machine time, it is advantageous to input the pressure distribution

whenever possible.

If the pressure input option is chosen the duct radius is calculated from
the initial specified duct radius, denoted RDZERO, and conservation of

mass of the flow through the duct. Conversely, if the duct input option

is chosen, the pressure at each front is calculated from the initial speci-

fied pressure PZERO, and conservation of mass. Problems involving free jets

are treated by specifying RDZERO very large compared to the nozzle exit

2 radius RE,

1 5.3 Reference Streamline

In performing the finite-difference calculations it is necessary that the
: coordinates of a reference streamline be specified, i.e., ¢ .0 = £(x,r).
Thus the inverse transformation, given by Eqn. 40, may be performed. In

| the present program the reference -line may be specified as coincident
with either the rocket exhaust plume boundary or the centerline of the
flow field as shown in Fig. 10, In the former case the coordinates of the
plume slipline may be determined utilizing the method of characteristics
program of Ref. 5. The slipline coordinates are input to the program in

tabular form, denoted as XTAB and RTAB. The input value of RZEROl 1s
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accordingly specified as being slightly larger than zero, e.g., RZERQ]L =
0.001 ig usually adequate. One problem which is generally encountered
using the slipline as y ref’ ig as follows. As the calculatims proceed
in the x~direction the mixing zone widens, until at a certain distance the
mixing zone crosses the ¥ = O streamline. Once this condition occurs the
reference (/-line is shifted to the jet centerline and the calculations.
continued, or if desired the program is stopped. The control parameter
for this option is termed ISET - having values of 0 or 1 for stopping or
continmuing the program, respectively. For cases where it is desired to
specify the centerline as the reference ( -line the value of RZEROl and

RTAB are set equal to zero and the radius of the jet, respectively.

5.4 Mixing Zone Definition

The width of the mixing zone, as defined herein, is determined from the
species concentrations. At a given nfront", the calculation of all flow
properties begins in the mixing region ard proceeds irmvard and outward
until the edges of the mixing region, as established from the following cri-
teria, are determined, At each grid point the difference is calculated be-
tween the concentration of species i at the grid point in question and the

outer boundary condition of Ci, denoted as C . This quantity is cal-

i
NMAX
culated for each of the species, i = 1-10, and the maximum difference

determined. The maximum difference is then compared with an input quartity

termed TESMAX., The outer edge of the mixing region is established when

- <
(Cin = Cinman) = TESMAX (51)
MAY

D2-36251~1
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Similarly, the inner edge of the mixing zone is established when
= TESMIN (92)

( Cn = C;‘/VMW)M”

where C, oy i8 the inner houndary condition of C., and TESMIN is an input

quantity. The valuves of TESMIN and TESMAX should be sufficiently small so
that the mixing zone boundaries determined from species concentrations are
larger than the correspording boundaries deterwined from velocity or tem-
perature profiles. A value of 0.00001 for both TESMIN and TESMAX is suf-

ficient for most problems - smaller values yield wider mixing zones.

5,5 Stab’lity Criterda

The major difficulties in snlving differential equations utilizing the

finite-difference technique involve the problems of stability and con-

vergence of the solution, A stable solution is defined as one where small
errors, which are inherent in the calculations, do not increase in size,

In unstable solutions the errors increase in size during the calculations
and eventually become so large that the results are noticeably inaccurate.
A solution is defined as convergent if by decreasing the grid size (ax and
4 ) the calculated velocity, temperature, and concentration profiles are
not significantly altered. It has been established that if a solution is

stable it is also convergent (7, 26).

Employing Karplus' theory of stability it was determined that for the pre-
gent problem the species continuity equation dictated the most stringent
stability criteria ( 5). Thus in order to insure a stable solution, and

consequently a convergent solution, the stability criteria dictates

e e e e R Sl
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that

72
ay = (7 plurte, ax £2) (93)
where
n
€, = €E(C + *) (54)

In application, the right side of Eqn. 93 is evaluated at each grid point

in the mixing region along a given front, and the maximm value determined.
For stability the value of 4y must be greater than or equal to the estab-
lished meximum value, As can be seen the value of the right side of Eqn. 93
is related to the axial distance. Thus, it becomes evident that if constant
values of Ay and A X are selected, special consideration must be given to
the selection of their values so as to insure stability throughout the cal-

culations,

In order to remove the above difficulty the value of Ax in the present pro-
gram is assumed to be constant and the value of Ay altered whenever required
during the calculations, The most convenient method of changing Aw is to
merely double its value whenever Eqn. 93 indicates that a change is required,
Thus in the present program the stability test is performed at each front,
and if required, Ay is doubled-all the calculations being performed within

the computer.

As a result of doubling Ay it is apparent that certain streamlines, which
were calculated prior to the change of Ay, are omitted in subsequent cal-

culations. For example, in the program the y-lines are numbered consecu-
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tively with the reference (/-line, which is retained throughout the calcu- |
lations, assigned the number 1. Then as a result of doubling Ay the even :
mmbered (/-lines are omitted in the remaining calculations. After the
doubling process the ¢ -lines are again numbered consecutively. Thus the

¢/ -lines numbered N = 3, 5, 7, ——— before the doubling process, become
N =2, 3, 4 —~ in subsequent fronts. The general equation for tracing an
odd numbered ¢ -line 1is

where n and n’ are the numbered w-lines immediately bsfore ard after doub-

ling Ay, respectively.

5.6 Determingtiorn of Initial Grid Size

The initial grid size, A x and A¢, may be established from the stability
criteria and the maximum possible number of grid points along the initial
front (x = 0), Because of computer storage limitations the maximm number
of radial grid points is limited to 196. In order to trace the -line
originating at the outer periphery of the nozzle it is advantageous to set
KSLIP = 129, Thus, for given initial conditions of the jet, the initial

value of 4y may be calculated from the expression

AUy (FE)

Ay, =
INITIAL (541) KSLIP

(95)

Once Ay is established the value of Ax may then be determined from the
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stability criteria. Thus from Eqn. 93

AvipPr
AX E e 96
2w € le (56)

where, initially, the value of x in Eqn. 94 may be taken as Ax, and the
product ,o'ur’ is evaluated at the radius of the jet RE, This value of

Ax is sufficient to insure stability at the first front.

However, for subsequent fronts it is generally not sufficient, so that a
value somewhat smaller than that given above should be employed. From a
consideration of machine time the value of AXx generaliy should be such

that

Xmax « 3000
AX

A smaller value of Ax than that given above may be employed if required;

however, it should be noted that machine time may ve increased significantly.

5,7 Input Procedure

In order to describe the input procedure it is convenient to refar to
Fig. 11 wherein is presented che standard input form for the ccmputer pro-
grana, The method of selecting the values for each parameter on the input

form is discussed below.

NMIN (Two Options)

The two options available for NMIN are O or the number assigned to the

¢ -line corresponding to the jnnmer edge of the mixing region. The
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purpose of the latter option is to permit the input of variable flow pro-
perties at the exit plane of the nozzle (x = 0), or at any x-location if
desired.

NMAX (Two Options)

The tw~ options are NMAX = 196 or the number assigned to the ¢ -line cor-
responding to the outer edge of the mixing region. The purpose of the

latter option is discussed above.

KSLIP
KSLIP is the mmber assigned to the ¢-line originating at the outer peri-
phery of the nozzle (r = RE). In most problems it is desirablz to set
ESLIP = 129 for purposes of tracing that ¢ -line; i.e., not losing the

{ =line when Ay - is doubled, Other values which may be employed for
KSLIP are 65, 33, 17, 9, or 5.

)18
The parameter NS is employed to permit a curve £it of the flow properties

between the rocket exhaust and secondary streams at x = 0, thereby removing

or any smzll integer, e.g., NS =3 1s generally employed.

NCHEM (Two Options
The two options are NCHEM = 0 or 1 corresponding to equilibrium or frozen

chemistry, respectively.

NCP8

The value of NCP8 is the number of temperature values in the table of

the discontinuity of properties at r = RE. The value of NS may be NS =0 .-

D2--36251-1
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TCP8 vs CPB for the general species.

NXTAB

The value of NXTAB is the mmber of x-values in the table of XTAB vs. PTAB.

uc tion
The two options are INDUCT = 0 or 1 corresponding to the selection of pres-

sure distribution or duct geometry input, respectively.

ISET (Two Options )

The two options are ISET = 0 or 1 corresponding to the follewing conditions:
ISET = 0; 4f RZEROL # O the program will stop when the inner
edge of the mixing zone reaches the N=1 ¢ -line,
ISET = 1; the progran will not stop as above, but will shift
the reference (¢ -line to the centerline and con-

tiime the calculations.

DX
The axial step tize may be determined using the method outlined in Section

50 50

QX
The maximum axial distance over which the calculations are desired is to

be expressed in feet.

XPRINT

The ralue of XPRINT should be selected so that the ratio XPRINT/DX is an

integer.
-36251-1
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£ ZERO1
The initial r—value of the reference ¢ ~line may be selected as O or any
pvsitive value depending on whether the reference & -line is desired to

be loeated on the jet centerline cor the plume slipline, respectively (seo

Section 5.3).

RE
The value of the nozzle radius is to be expressed in feet.

RDZERQ
The value of the initial duct radius is to be expressed in feet.

PZERO

The initial pressure in the secondary stream is to be expressed in PSFA,

DPDXO
The initial value of the pressure gradient may be input if known. Other-

wise, the value O may be employed.

DELTA {Two Options)

: The two options are O to 1 corresponuing to a two-dimensional or axisym-

metric flow model, respectively.

; TESMAX and TESMIN

The values employed for TEXMAX and TESMIN determine the width of the mixinz
zone defined by species concentration - smaller values ylelding wider mix-
ing zones. A value of 0,00001 is generally satisfactory for both parameters

(see Section 5.4).
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A, FL, EPSON, and FCON
A complete discussion of these parameters is presented in Section 3. Values
generally employed for the above parameters are

A=FL=1

FCON = 0

The value of EPSON must be determined fur each problem from empirical ex-

pressions as discussed in Section 3.3.

PRT, FLETG, and FLETP

The turbulent Prandtl and Lewis numbers of the gas may be specified as 0.8
and 1.2, respectively. A particle Lewis number of 0.6 may be employed un-

til data become available for more accurately establishing its value.

XTAB, RTAB, and PTAB

The data for the plume slipline coordinates and the pressure distribution
(or duct radius) ie input in tabular form. For cases where the slipiine
geometry is unknown a value of RTAB equal to the nozzle exit radius RE,
should be employed for all XTAB values., It should be noted that the input

of pressure or duct radius at various axial distance XTAB, must be compatible

with the input of the control parameter INDUCT.

GENN and w8

If the user desires to incorporate an additional chemical species, other

3 than any of those specified in the program, the chemical symbol of the

BOEING | N D2-36251-1
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component is input for GENN and the corresponding molecular weight for WB.

TCP8 and CP8

If an additionsl chemical species is included the specific heat of the com-
5 ponent as & function of temperature is input in tabular form, It should
‘ be rioted that this table, as well as GENN and WB’ are input only if an addi-

tional species is desired, Otherwise, these parameters may be omitted.

G, Ty and U (Two Options)

The two options available to the user correspond to whether or not it is
desired to input variable properties as the initial conditions, If the
varisble property option is selected NMIN must be different than zero. If

the constant property option is selected the value of NMIN must be zero.

The variable properties are input as a function of N, The constant proper-

ties are input for the rocket exhaust (Cil, T, ul,) and the secondary

stream (C s B u ).
iNMAX MMAX’ “NMAX!

. D2-36251-1
s FR BOEING |*°
L. 73

U3 4208-2000 REV. 6/64




1.

2,

3.

5e

7.

REFERENCES

Abramovich, G. N., The Theory of Turbulent Jets, The M.I.T. Press,

Cambridge, Mass., 1963.

Libby, P, A., " Theoretical Analysis of the Turbulent Mixing of
Reactive Gases with Application to the Supersonic Combustion of
Hydrogen", General Applied Sciences Laboratories, Technical Report
No. 242, June 1961,

Vasiliu, J., "Turbulent Mixing of a Rocket Exhaust Jet with a Super-
gonic Stream Including Chemical Reactions", Journal of the Aerospace

Sciences, Jan. 1962,

Mikhail, S., "™Mixing of Coaxial Streams Inside a Closed Conduit",

Journal of Mechanical Engineering Science, Vol. 2, No. 1, 1960.

Savage, L. E., "Air-Augmented Power Plant Design Program (Plumed

Mix-Master)", The Boeing Company Report AS1927, June 196L.

Cate, E,, "Air-Augmented Rocket Mixing Program", The Boeing Company
Report AS1872, (to be released).

Wu, J. C., "On the Finite-Difference Solution of Laminar Boundary
Layer Problems", Proceedings of the 1961 Heat Transfer and Fluid

Mechanics Institute.

Van Driest, E. R., "Turbulent Boundary Layer in Compressible Fluids",
Journal of Aeronautical Sciences, March 1951.

REV LTR

””f]”ﬂ ! NO. D2-36251-1

s Th

U3 4288-2000 REV. 6/64

F s e T




6.0

REFERENCES (cont'd)

9. Rohsenow, W. M. and Choi, H., Heat, Mass, and Momentum Transfer,
Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1961.

10, Schlichting, H., Bound Layer Theory, 4th Edition, McGraw-Hill
Book Company, Inc., 1960.

1. Taylor, G. I., "Statistical Theory of Turbulence", Proc. Roy.
Society, Al51, 1935.

12, Pai, S, I., Fluid Dynamics of Jets, D, vonNostrand Company, Inc.,
1954.

13. Ting, L. and Libby, P, A., "Remarks on the Eddy Viscosity in Com-
pressible Mixing Flows", Journal of Aerospace Sciences, Oct. 1960,

1. Zakkay, V., Krause, E., and %oo,; S. D., "Turbulent Transport Proper-
ties for Axisymmetric Heterogeneous Mixing", Polytechnic Institute
of Brooklya Report ARL €4-103, June 1964,

15. Maydew, R. C. and Reed, J. F., "Turbulent Mixing of Axisymmetric Com-
pressible Jets (in the Half-Jet Region) with Quiescent Air", Sandia
Corporation Report SC-4764 (RR), March 1963,

16, Channapragada, R. S., "A Compressille Jet Spread Parameter for Mix-
ing Zone Analyses", AIAA Journal, September 1963.

17. Korst, H. H.; Chow, W, L.; ard Zumwalt, G. W.; "Research on Transonic

D2-36251-1
O,
REV LTR BOLEING 'I x
SH. 75

U3 4288-2000 REV. 6/64




6.0

19.

20,

21.

23.

REFERENCES (cont 'd)

and Supersonic Flow of a Real Fluid at Abrupt Increases in Cross
Section - Final Report", Engineering Experimental Station, Univ. of

n1., M.E., Tech. Report 392-5, December 1959.

Miles, J. B., "Stanton Number for Separated Turbulent Flow Past Rela-

tively Deep Cavities:, Ph.), Thesis, Univ, of ni., 1943.

Forstall, W., Jr., and Shapiro, A. H,, "Momentum and Mass Transfer

in Coaxial Jets", J. Appl. Mech., 17, Deccmber 1950.

Alpinieri, L. J., "An Experimental Investigation of the Turbulent
Mixing of Non-Homogeneous Coaxial Jets", Polytechnic Institute of

Brooklyn, PIBAL Report No. 789, August 1963.

Longwell, J. P. and Weiss, M. A., "™ixing and Distribution of Liquids

in High-Velocity Air Streams”, Industrial and Engineering Chemistry,

Vol. 45, No. 3, 1953.

Pernner, S. S., Chemistry Problems in Jet Propuvlsion, Pergamon Press,

New York, 1951.

Ermone, D. L., "A One-Dimensional Analysis of a Flow System in Chemi-
cal Non-Equilibrium with Application to Combustor and Exhaust Nozzle

Flow Problems", The Boeing Company Docuuent D2-35256, Jamuary 1964.

Huff, V. N., Gorden, S., and Morrell, V. E., "General Method and

Thermodynamic Tables for Computation of Equilibrium Couposition and

e

REV LTR

U3 4288-2000 REV. §/64

76

SH.

e e

i S




6.0 REFERFNCES (cont'd)

Temperature of Chemical Reactions", NACA Report 1037, 1951,

25, JANAF Thermochemical Tables

26, Karplus, W. J., "An Electric Circuit Theory Approach to Finite-

Djfference Stability", Trans. AIFE, 77, 1958.

27. Lamar, F., "Thermochem:cal Expansion and Combustion of a General
Gas Mixture (TEXACO)", The Boeing Company Report AS1842, June 196L. :
28. Fitch, R, E. and Emons, D. L., "Investigation of Vehicle-Integrated !
Rocket Powerplants with Air Augmentation", Document No. p2-23217-1 1
(Confidential), The Boeing Company, June 1964 5
i
;

BoEING | 1o D2-36251-1
. 7

REV LTR

U3 4288-2000 REV. 6/64




7.0  APPENDICES

7.1 Computer Program Notation

A program nctation for the ¢xponent n, in Eqn. 94
ciNMAx outer boundary condition for the concentration of species 1
ciNMIN inner boundary condition for the concentration of species 1
cPs gpecific heat of the general species (1 = 8)
DELTA d = 0 for two-dimensional model
d =1 for axisymetric model
; DPDXO initial pressure gradient dp/dx
DX axial step size Ax
EPSON Reichardt's constant éo, in Eqn. 94
FCON constant C, in Eqn. 94
FL reference length L, in Eqn. 94
, FLETG turbulent Lewis number of the gas
1 FLETP turbulent Lewis mmber of the particles
GENN molecular formula for the general species (i = 8)

INDUCT INDUCT = O for pressure distribution input;
INDUCT = 1 for duct profile input
‘ ISET ISET = 0 stops program when IMIN =1 and r_ #0
* ISET = 1 program continues after shifting r, to the centerline
" KSLIP mmber assigned to the (v -line originating at the lip of
the nozzle (r = re)
NCHEM NCHEM = 0 corresponds to equilibrium flow;

NCHEM = 1 correspords to frozen flow

””EING l NO. D2-3 62 51"1
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7.1 Computer Program Notation (cont'd)

Sl s i T i T

NCP8 number of temperature values in the table of CP8 vs T

NMAX maximum number of ¢ -lines desired (MMAX = 196)

NMIN NMIN = 0 for constant property input;
MMIN - O for variable property input

NS number of (/-lines within which the flow properties betwezn
the inner and outer streams are curve-fitted

NXTAE nunber of values in the table of X vs PTAB

PRT turbulent Prandtl mumber

PTAB value of ry (or P) in XTAB table

VZERO initial static pressure in the outer stream '

RDZERO initial radius of the duct

3E radius of the nozzle

RTAB radius of the slipline in the XTAB table

RZERO1 initial radius of the reference ¢/-line

T static temperature

TCPS temperature values in the table of T vs cP8

TESMAX parameter used in determining NMAX

TESMIN parameter used in determining NMIN

v axial velocity

Wy molecular weight of the general species (i = 8)

XMAX maximm axial distance over which the calculations are
performed

XPRINT axial increments for print-out of data
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7.1 Computer Program Notation (cont 'd)

XTAB values of x in the XTAB table
XZERO initial x-value
no. D2-36251-1
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7.2 Comparison of Theory and Experiment

Theoretical results obtained from the computer progrem &are compared nerein
with available experimental data. In establishing the correlations the

model employed for the eddy viscosity, as described in Section %, was
e turbulent trensport coefficients were varied

employed. In certain cases th

etter correlations. In

about their predicted values in order to obtain b

such instances the veriation from the predicted values is discussed. It

ted that analytical results were coumpared with data obtained from

is no
air-sugmentation experinents; however, due to the classified nature of the

experimental data the correlation is not presented nerein (see Ref. 28).

In the experiments conducted by Maydew and Reed (15) radial static end total
eys were made at various axial locations downstream of an sair

pressure sUrv
atmosphere. Shown in Figure 12 are the

Jet exhausting into & quiescent
ally and exverimentally determined velocity
a‘r jet having a Mach number of 1.96. The parameter
e the velocity has decayed

profiles at 11.5 inches

{heoretic
y' is

downstrean of an

the redial distance neesured from the point vher

e inner edge of the rixing zone, O 1s the

to one-helf its value at th
Xe 15 the effective length of the mixing zone, and

The solid curve

similarity parameter,
the inner edge of the mixing zone.

Vy is the velocity at
from the present analysis employ-

represents the theoretical results obtained

hardt's coefficients corrasponding to the value of O

ing a value of Relc
Reed. As can be seen the predicted

determined experimenta.lly by Maydew and

2e quite well with the experimental values OV
obtained between the experimental

velocities agr er the entire

mixing region. Similar egreement was

and theoretical velocity profiles at axial locations nearer the nozzle exit.

—
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1.6 x = 0.96 It
l\&, = 1.96
g = 20.0
l.2 Vp = 1700 ft/sec . 5
a
éo
0.8 o
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_\\
0.4 f
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X
<
™ 0 0.2 Oi‘& 0.6 / 0.8 1.0
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Experimental data
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‘f Figure 12 - Comparison of theory and
Z oexperiment for free jJet velocity profiles
3
F . NO. D2-36251-1
N aaawx:ll -
! SH. 82
U3 4288-2000 REV. 6/64




e

In the experiments of Forstall and Shapiro (19) the mixing region between
a circular Jjet and an annular coaxial stream was investigated. By using
10 percent by volume of helium as a tracer in the jet, the profiles of
concentration and velocity in the mining region were determined. Shown

in Figure 13 is a comparison of the theoretical and experimental velocity
and concentration profiles at an axial distance of X/D = 8. As can be seen
reasonable agreement exists between the theoretical and exper: .ental
profiles. As noted in Ref. 19 the Prandtl and Sclmidt numbers were both
determined to be approximately 0.7, which corresponds to a Lewis number of
unity. Theoretical results for two values of the Lewis number are shown
for the concentration profiles in Figure 13. Small variations of the Lewis

number are seen to effect little change in the profiles.

The experimental investigation of Zakkay, et al., was conducted to determine
the turbulent mixing of coaxial jets for both subsonic and supersonic flow.
In establishing a correlation, the data obtained with argon as the central
stream was employed. The exit Mach mumber of the argon jet was approxi-
mately unity. The Mach mumber of the annular eir stream was 1.6. Shown

in Figure 1% is the camparison of the theoretical and measured velocity

and concentration profiles at various axial locations along the jet center-
line. In establishing the correlation the value employved for Reichardt's
coefficlent was ¢, = 0.5 ft2/sec from X = 0 - 0.42 ft, and &, = 1.5 £t2/sec
friu X = 0.42 = 0.75. As can be seep good agreement exists between tae
theoretical and measured concentration profiles at each axial location.

The velocity profile at X = 0.75 £t indicates that theory predicts slightly
higier velocity ratios than those measured experimentally, which possibly

mey be attributed to an incorrect form for the eddy viscosity expression.
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However, Jjudging from the accuracy of the rredicted concentration profiles
) and the fair egreement of the velocity profiles, it is concluded that the

present eddy viscosity model 1s adequate for most engineering problems.

b
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7.3 Sample Problem

motor with the following operating conditions:
propellant -
nozzle exit radius -
exit velocity -
exit static pressure -
exit static temperature -
density -

Mach number -

tions at the exit plane of the nozzle:
static temperature -
static pressure -
velocity =

duct diameter -

NMIN

exit plane, the value of NMIN is zero.

input data, presented in Fig. 15, is as follows.

In order to illustrate the utility of the computer program the solution

of a typical air-augmentation problem is presented. Consider a rocket

solid (16% A1)
0.63 ft.

5570 ft/sec
45,000.0 psfa
4385°R

0,035 Ybm/t3
1.5

1094°R
11992 psfa
856 ft/sec

2.52 ft.

"he secondary stream is zssumed to be air with the following flow condi-

h |-

ft. The duct is assumed to be constant area. The preraration of the

Since the flow properties of the jet are assumed constant at the nozzle

It is desired tc perform the calculations over an axial distance of 1.575

D2-36251~-1
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NMAX

———

NMAX is set equal to 196.

KSLIP
The value of KSLIP is taken to be
KSLIP = 129

NS
The value of NS is arbitrarily taken to be
NS =3

NCHEM
It is desired to perform the calculations for equilibrium flow. Thus

NCHEM = 0

NCP8
Since it is not required to employ an additional species, other than
those specified in the program, the value of NCP8 is

NCP8 = 0

NXTAB
The mmber of x-values in the XTAB table is
NXTAB = 6

DDUCT
It is desired to input the duct geometry, thus

INDUCT = 1

ﬂﬂEIA’{; I NO, D2-3 62 51-1
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ISET
It is desired to continue the run beyond the point where the mixing zone
crosses the reference streamline, thus

ISET = 1

DX

The value of DX is established from the stability criteria in the following

panrer. From Egn. 9%, 95 and 96 the initial value of 4 X required for

stability 1is
a
a X% LRE (uNM”Vy v
2 ksup (2 €0 “9pY°

063 (55(0)//‘ ,
2 . 129 - (2 495 - "2/0,3)/’-

Ih

00475 £t

T DR 0 e I, o g ar o

The value of aX is taken somewhat smaller than the above value in order

USE SOR TYPEWRITTEN MATERIAL ONLY

to maictain a sufficiently large pumper of grid points in the mixing

D A T

region (see Section 5.5). Thus

DX = 0.005 ft.

XMaX

The value of XMAX is

XMAX = 1.575 ft.

XPRINT

The desired increment between printout of data 1is

REVLTR A BOLEING || no. D2-36251-1
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XPRINT = 0,25 ft.

RZERO1
Since the static pressure of the secondary stream is considerably less
than that of the rocket exhaust gases it is desired that the reference
streamline be located along the plume slipline., Thus

RZERO1 = 0,001.ft.

RE
The radius of the nozzle at the exit is

RE = C.63 ft.

RDZERO
The initial value of the duct radius is

RDZERO = 2,52 ft,

PZERO
The initial pressure of the secondary stream is

PZERO = 11992.0 psfa

DPDX0
The initial pressure gradient is obtained from the method of characteristics
program employed to determine the slipline coordinates (5), Thus

DPDXO = -800.0 r3fa/ft.

DELTA
The flow is axisymmetric, thus
DELTA = 1,0
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TESMAX and TESMIN

The values of TESMAX ard TESMIN are taken tc be

TESMAX = TESMIN = 0,00001

A, FL, EPSON, FCON

It is assumed that the eddy viscosity expression is of the form
E, = EX

Thus, from Eqn. 94 it is seen that
A = 1.0
FL = 1.0

FCON= O

The value of EPSON is determined from the equation

o
EFSON = & = —Zm

where ¢ is determined from Figures 6 and 7, and U is the average velo-

city between the two streams. Thus

O ia 856 + 5570
2
= 3213 ft/sec

From Figures 6 and 7 the values of o« and g are determined to be

o= 1.2
Or= 15x1.2=18 ft'%
which yields

~ 3213

< 7 x 16°
- 2
= 4,95 ft“/sec
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PRT, FLETG, FLETP

o These velues are assumed to be
PRT = 0.8

FLETG = 1.2

FLETP 0.6

XTAB, RTAB, PTAB
The values of XTAB ard RTAB are determined from the method of characteris-

tics program (5). The values of PTAB are the duct radii at the various

XTAB's. For the present problem PTAB is assumed constant at
PTAB = 2,52 ft.

GENN, W8, TCP8, CP8

Since a general specles is not required the input for these paraneters

4is omitted.

249 a0 Cyponx §
k.

The concentration of the species in the rocket exhaust are determined from

an equilibrium thermochemical program (27). The secondary stream is as-

sumed to be air.

Gl s o e

; T and ¥

Rl e e
e s

The temperatures anc velocities are as follows:

T, = L385°R

Topny = 109%°R

U, = 5570 ft/sec

856 ft/sec

Uypax

The input form for the above sample problem is nresented in Fig. 15,

FREING | MO 2362511
SH, Q2
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[o_ TITLE n
12A6 §¢-3276-2 D&W
NHEN  NMAX KSLIP NS NCHEM  NCP8 NXTAB INDUCT 1SET
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